Background: Traditionally, benign essential blepharospasm (BEB) is considered a disorder caused
Benign essential blepharospasm (BEB) is a form of focal dystonia and is characterized by excessive involuntary closure of the eyelids due to spasm of the orbicularis oculi muscles (OO). 1 The antagonistic activity between the OO and the levator palpebrae muscles is disturbed in some patients, and a minority of patients have involuntary levator palpebrae inhibition.
2 BEB substantially impacts the health status of the afflicted individual and can lead to serious depression. 3 Despite normal visual acuity, in severe cases, patients are functionally blind. Dystonia is thought to arise from aberrant brain plasticity and a lack of surround inhibition in the motor system. 4 In patients with BEB, electrophysiologic studies have shown shortened silent periods of the facial muscles. 5 This suggests hyperexcitability of cortical neurons, likely representing a lack of inhibition of the neurons that supply the facial muscles. PET studies have shown increased glucose uptake in the right posterior and left AC, frontal nonprimary motor areas, and the PMC. 6, 7 Neuroanatomic findings in the monkey indicated that efferents from SMA and AC project bilaterally to upper facial muscles. 8 In a recent study, lfrTMS over primary and secondary motor areas in an inhibitory stimulation mode was used to modulate writer's cramp. 9 Stimulation of the PMC but not of the primary motor cortex (MC) improved tracking errors, pen pressure, and prolonged TMS-induced silent periods.
Studies on the interactions between primary and nonprimary motor areas, especially mesial frontal areas in BEB, may provide important clues leading to better understanding of the pathophysiology of BEB. Earlier studies showed that lfrTMS, TBS in a continuous mode, and cathodal tDCS applied over cortical areas reduces cortical excitability. 9, 10, 11 We conducted this pilot study to examine the effects of 3 different stimulation techniques applied to 4 different motor centers of the brain to affect symptoms of BEB. This may have therapeutic implications in the future.
METHODS
In this prospective, randomized, observer-blinded pilot study, 7 right-handed patients (2 male and 5 female, age 62.6 Ϯ 7.8 years) with BEB participated and met the following inclusion criteria: clinical diagnosis of idiopathic BEB or Meige syndrome; age between 18 and 85 years; normal findings in the medical history, physical and neurologic examination (except for BEB); no prior use of neuroleptics; and no treatment with antidepressants, antiepileptic medication, anticholinergic drugs, or muscle relaxants within the past 4 weeks (for patient characteristics, see table 1). All patients except patient 5 had a history of botulinum toxin injection; however, the last injection was Ͼ3 months ago. Patients received general information about stimulation techniques and sites but no concrete information before each particular experiment.
Standard protocol approvals, registrations, and patient consents. Before inclusion in the study, written informed consent was obtained from all patients. A signed patient consent-todisclose form was obtained for videos of any recognizable patient. This study was approved by the NIH Institutional Review Board.
Every patient came for 10 visits, each separated by at least 2 days. In random order, we performed the following stimulation paradigms: lfrTMS over MC, PMC, SMA, AC; cTBS over MC, PMC, SMA, AC; tDCS over MC/PMC and SMA/AC.
Stimulation techniques.
We chose 3 stimulation techniques that have been well documented to reduce cortical excitability noninvasively and are well tolerated by patients. All 3 techniques have been proposed as potential therapeutic tools, [10] [11] [12] but have not been used in BEB or compared to each other.
lfrTMS. Recent studies have reported suppressive effects on cortical excitability at frequencies as low as 0.2 and 0.3 Hz. 9, 12 We applied lfrTMS at a frequency of 0.2 Hz. A total of 180 stimuli (15 minutes per session) were delivered to each of the 4 areas (MC, PMC, SMA, and AC). Stimulation intensity was set at a stimulator output of 90% resting motor threshold (rMT) of the FDI over MC for both the MC and PMC, and 90% rMT of the OO for AC. The SMA was stimulated at 100% active motor threshold (aMT) of the leg representation area of the MC. cTBS. We applied cTBS (3 TMS pulses at 50 Hz, repeated every 200 msec) in a continuous paradigm for 40 seconds (600 pulses uninterrupted) at an intensity of 80% aMT of the FDI over MC for both the MC and PMC, 80% aMT of the OO for AC, and 80% of the aMT of the leg area of the MC for SMA. Previous work showed suppressive effects of cTBS on cortical excitability at this intensity.
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tDCS. Bipolar tDCS (1 mA for 20 minutes) was delivered by a battery-driven stimulator via 2 conductive-rubber electrodes, placed in saline-soaked sponges (5 ϫ 7 cm), positioned over the left MC/PMC or SMA/AC (cathode) and Oz (anode, international 10 -20 system).
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Stimulation areas. MC. A figure-of-eight stimulation coil was connected to a Magstim 200 stimulator (outside diameter of one half-coil 8.7 cm). The coil was placed over an area 2 cm anterior to a point that is 3.5 cm lateral to Cz (international 10 -20 system), with the handle pointing backwards (45 degree angle) and parallel to the midline. We identified the "hot spot" for the MEP of the right FDI and noted the resting motor threshold (rMT, 5 MEPs out of 10 stimuli) at that location.
PMC. As defined in earlier studies, 9,13 the stimulation site was determined to be 2 cm anterior and 1 cm medial to the hot spot.
SMA. The SMA stimulation site was determined to be 2 cm anterior to the leg representation (tibialis anterior muscle) of the MC. 14 AC. As used earlier, 15 to determine the stimulation site for AC, a standard 9-cm circular coil was placed over Fz and then moved over the midline of the brain in 0.5-cm steps in the anterior direction, until the point of maximum MEP in the OO (with a latency of 6 -8 msec) was reached (about 3.5 cm medial and 5.5 cm anterior to MC).
Outcome measures. The primary outcome measure was the clinical effects on BEB symptoms. Five-minute videos of eye blinks before and after stimulation were assessed by a blinded rater. The secondary outcome was subjective rating by the pa- 
BoNT ϭ botulinum neurotoxin; BDS ϭ Blepharospasm Disability Scale; BMS ϭ Blepharospasm Movement Scale; SRS ϭ Severity Rating Scale. 24 tients. The primary and secondary outcome measures tested clinical changes in BEB. The BRR was used as a third measure to evaluate neurophysiologic correlates to the clinical endpoint measures. Physician rating. An investigator who was not present during the experiments and blinded to the intervention rated the videos. Clinical evaluation was expressed in percent change before and after stimulation, including eye blink rate, number of sustained blinks, and time of eye closure. An eye blink was defined as any visible, bilateral, and synchronous contraction of the OO muscle, causing eyelid drop. Blink rate was expressed as blinks per minute. Sustained spasms of the OO muscle were not considered blinks and were counted separately. The rater counted the time (seconds) of eye closure with a stopwatch whenever blinks caused a prolonged eye closure (eyes shut Ͼ2 seconds).
Patient rating. Patients rated their symptoms before and after stimulation on a 7-point nominal scale: 1) excellent, 2) very good, 3) good, 4) average, 5) slightly worse than usual, 6) bad, 7) very bad.
Blink reflex recovery. Subjects opened their eyes gently during stimulation and stayed in a relaxed position. Paired electrical stimuli (conditioning and test) were delivered at an interstimulus interval of 0.2 seconds. Stimulus intensity was 3 times the threshold of the R2s response (lowest intensity with 5 out of 10 R2s responses). Responses with artifacts due to involuntary movements were rejected. To avoid habituation, a rest period of 25-35 seconds was maintained between trials. The low pass filter was set at 3 kHz and the high pass filter at 1 Hz. All responses were stored digitally. In an offline analysis procedure, performed fully automatically, reflex responses were digitally bandpass filtered within a range of more than 100 Hz to minimize DC offsets and slow eye drifts and below 900 Hz to reduce the highfrequency noise. Then, the responses were full wave rectified and we computed the average of 6 trials. Peak amplitude of R2 was calculated within a window from 30 to 60 msec to avoid stimulation artifacts. We obtained R2 recovery values by dividing the size of R2test [R2t] by the size of conditioning response [R2c].
Statistics. Data were analyzed using SPSS version 15.0 for Windows. All statistical tests were 2-tailed, and Alpha was set at 0.05. Since the physician rating was measured in percentages, an arc sine transformation was computed to use parametric tests. To analyze the effects of stimulation treatment, we conducted a 2 (time points) ϫ 4 (stimulation areas) repeated measures analysis of variance (ANOVA) for each stimulation technique. Main effect comparisons were corrected using the Bonferroni procedure. If there was a significant violation of homogeneity of variance, as assessed by the Mauchly Sphericity Test, the GreenhouseGeisser Epsilon was used to calculate a more conservative p value for each F ratio. As treatment was confounded with time, we used descriptive analysis to investigate the data of each of the 3 outcome variables over time. No relevant changes of data could be explained through sequence or treatment day. Pearson correlations among the 3 outcome measures were computed to examine whether a multiple endpoint adjustment was necessary. Since none of the correlations reached a level of r ϭ 0.5 (r physician rating-BRR ϭ 0.138, r physician rating-patient rating ϭ 0.388, and r patient rating-BRR ϭ 0.267), there was no need for the adjustment.
RESULTS
Patients tolerated all 3 stimulation techniques over the 4 brain areas without any problems and with no adverse events. Stimulation intensity (mean/SD) for lfrTMS over MC was 54 Ϯ 13.7% stimulator output, over PMC 52.5 Ϯ 8.4%, over SMA 62.3 Ϯ 16.5%, and over AC 60.6 Ϯ 5.6%; for TBS stimulation intensity over MC was 45.6 Ϯ 8.2%, over PMC 46.6 Ϯ 9.8%, over SMA 49 Ϯ 5.6%, and over AC 47.7 Ϯ 8.8%. lfrTMS resulted in a significant improvement over all 4 brain areas for physician rating, patient rating, and BRR, whereas cTBS and tDCS showed only trends for improvement in physician rating and no significant improvements for the other outcome measures (table 2 and figure 1 ).
Due to the broad sponges used in tDCS, stimulation could not be targeted over each of the 4 brain areas separately. Therefore, tDCS was performed together over the frontal areas (SMA/AC) and the dorsal areas (MC/PMC) (figure 2). To study the 4 brain areas separately, we employed the only effective stimulation technique (lfrTMS) and compared stimulation effects over the 4 brain areas in a post hoc analysis ( figure 3) . A repeated measures ANOVA with the difference between the 2 time points for each brain area as fixed factors and subject as the random factor showed a significant difference between brain areas for physician rating, a trend for subjective rating, but no significant difference for BRR. Pairwise comparisons revealed a significant higher effect over AC than MC for physician rating ( p ϭ 0.007). No differences were seen for all other pairwise comparisons (MC-PMC, MC-SMA, PMC-SMA, PMC-AC, and SMA-AC; p Ͼ 0.05).
DISCUSSION
We used 3 different noninvasive stimulation techniques to identify the most effective technique over the most sensitive brain area to reduce symptoms of BEB. We found significant improvements with lfrTMS for all 3 outcome measures, whereas cTBS and tDCS did not demonstrate significant improvements. When comparing stimulation effects with lfrTMS over the 4 brain areas, lfrTMS over AC had the highest mean stimulation value. However, AC stimulation was statistically higher only compared to MC. Pairwise comparisons between the other brain areas did not show significant differences, which might be due to the small sample size of this pilot study. Since we did not find a reliable facial M1 area in an earlier study 15 and it is controversial whether upper facial responses can be produced by stimulating the MC, [15] [16] [17] we chose the FDI as the target area for M1. Although the hand representation area, especially the thumb and index finger, is located next to the upper face and eye area, 18 identifying and utilizing the facial M1 area for lfrTMS might have resulted in more effective stimulation over M1. As the depth of targeted brain areas varied between the different brain areas, stimulation intensities were based on motor evoked potentials. However, reduced cortical excitability as a result of low frequency repetitive TMS is most likely caused by changes in excitability of inhibitory cortical interneurons, and matching MEP amplitudes may not match an effect on inhibitory interneurons.
While the study design was not sham-controlled, the results obtained here cannot be explained by any placebo effects. First, cTBS and tDCS produced no significant changes in any of the outcome measures, whereas lfrTMS improved not only the subjective patient rating but also physician rating and the electrophysiologic BRR. Second, patients were not informed about the specific brain area that was stimulated or about the stimulation technique although they knew and felt that different techniques were applied. The only subjective stimulation effect that may have influenced patient rating was the way in which patients assessed the comfort of each technique. Most patients assessed lfrTMS and tDCS as "slightly comfortable" or "indifferent," whereas cTBS was assessed "indifferent" or "slightly uncomfortable." This may have influenced patient rating and may account for the fact that patient rating was slightly higher for tDCS than for cTBS. Between study days, we did not see carryover effects and statistically, there were no interactions between different stimulation sessions. Stimulation effects of all 3 techniques used in this study have been reported to last less than 1 hour. Therefore, 2 days washout period between stimulation sessions was adequate to avoid carryover effects.
Several electrophysiologic techniques are known to reduce cortical excitability noninvasively. All 3 techniques used in this study, low-frequency subthreshold lfrTMS, TBS in a continuous mode, and cathodal tDCS, have been well documented to reduce cortical excitability. 10, 11, 16 To our knowledge, there is no trial that compared clinical and electrophysiologic effects among these techniques in dystonia. lfrTMS had the strongest clinical and electrophysiologic effect. It is conceivable that the other techniques, cTBS and tDCS, may have resulted in significant changes with a larger sample size, since they showed some small but no significant improvements in our study. In contrast to the classic view that the primary motor cortex controls facial movements, there is increasing evidence that cortical centers for the upper facial movements, including blinking, predominantly involve the mesial frontal region. Although we did not stimulate a facial M1 area to which we could compare mesial frontal regions, essential stimulation effects over the SMA and AC, as seen in our study, correlate with neuroanatomic findings in primates. A systematic description of corticobulbar projections to musculotopically defined subsections of the facial nucleus has been done in the monkey 8 : projections arise from MC (M1), SMA (M2), AC (M3) and caudate cingulate (CC), (M4) and ventral lateral PMC (vlPMC) motor cortices. Non-primary motor areas such as the PMC and the SMA receive 2 to 8 times as many thalamocortical projections as the MC. Corticofacial afferents from M1, M4, and vlPMC project primarily to contralateral lower facial muscles. M2 and M3 project bilaterally to upper facial muscles through the medial part of the facial nucleus for M2 afferents and the dorsal and intermediate subnuclei for the M3 afferents.
In current pathophysiologic models of dystonia, disinhibited thalamo-frontal projections due to increased GABA mediated striato-pallidal inhibition and reduced pallido-thalamic inhibition results in increased cortical excitability and disorganized cortical representation. 7 Arguments for a cortical role in BEB, notably the cingulate cortex, also come from brain imaging studies. Using PET, decreased glucose metabolism was found in the superior-medial-frontal area and in the striatum 19 in sleeping BEB patients. Absence of blinking during sleep indicates that this hypometabolism might reflect a primary abnormality. In awake patients, metabolic activity is increased in cerebellum and pons. The striatal hypometabolism could reflect a primary basal ganglia dysfunction while the hyperactivities could be secondary to the involuntary movements. In a recent fMRI study, eyeclosure-related brain activity was found in the rostral anterior cingulate cortex while hand movementrelated brain activity was noted in the caudal cingulate cortex. Comparing upper and lower facial movements, selective activity with upper facial movements was found in rostral anterior cingulate and bilateral M1. 20 Reducing cortical excitability may on the one hand simply change cortical motor output and hence improve symptoms of BEB. It may, however, secondarily induce a plastic change in the corticobasal-thalamofrontal motor loop, as central plastic adaptations in BEB patients after treatment with botulinum toxin have been documented. 21 Dysfunction of the basal ganglia (BG), and consequently on the output structure of BG (globus pallidus internus [GPi]/substantia nigra pars reticulata [SNr] ), may also lead to a decrease or loss of the inhibitory control exerted by the BG on the blink reflex circuitry. This would increase the excitability of this circuit. An animal model of blepharospasm suggests that a predisposing condition to develop BEB could be a loss of dopamine-containing neurons in the SNc causing a decreased inhibition in the blink circuit. Decreased inhibition weakening the OO triggered spasms of lid closure in the animals. 22 The BG output structure, i.e., SNr, has an inhibitory influence on trigeminal blink reflex excitability: SNr has GABAergic inhibitory projections to the superior colliculus, which in turn has excitatory projections to the nucleus raphe magnus. This nucleus has inhibitory serotonergic (5HT) projections to the spinal trigeminal complex. 23 Reducing cortical excitability may modulate corticobasal-thalamofrontal loops that integrate the substantia nigra. According to this concept, by modulating the excitability of SNr, the pathologic decreased 5HT projections located on blink reflex interneurons within the spinal trigeminal complex would resume their physiologic activity, which could explain the physiologic changes in BRR after cortical stimulation, as found in our study.
Finally, it appears that BG dysfunction can have repercussions on the excitability of mesial frontal cortical areas and the blink reflex circuit in the brainstem. Electrophysiologic and clinical improvements resulting from functional inhibition of appropriate cortical regions using lfrTMS, as shown in this study, suggests that hypersensitivity of primary and secondary motor areas is either directly or indirectly involved in BEB pathophysiology. Inhibition of these areas using lfrTMS could provide a therapeutic tool to treat BEB and is worthy of a larger study.
